Inflammatory stimuli, such as a microbes or lipopolysaccharides, induce a rapid release of neutrophils from the bone marrow and promote neutrophil migration into inflamed sites to promote host defense. However, an excess accumulation and retention of neutrophils in inflamed tissue can cause severe tissue injuries in the later stages of inflammation. Recent studies have reported that both CXCL12 levels in injured lungs and its receptor, CXCR4, on accumulated neutrophils in injured lungs, increased; furthermore, these studies showed that the CXCL12/CXCR4 signaling pathway participated in neutrophil accumulation in the later stages of lipopolysaccharide (LPS)-induced lung injury. However, the mechanisms underlying this increase in surface CXCR4 expression in neutrophils remain unclear. In this study, we found that surface CXCR4 expression increased in extravascular, but not intravascular, neutrophils in the lungs of LPS-induced lung injury model mice. Furthermore, ex vivo studies revealed that CXCL12 acted not only as a chemoattractant, but also as a suppressor of cell death for the lung neutrophils expressing CXCR4. Sulfatide, one of the native ligands for L-selectin, induced the increase of surface CXCR4 expression on isolated circulating neutrophils, suggesting that the activation of L-selectin may be involved in the increase in surface CXCR4. Our findings show that surface CXCR4 levels on neutrophils increase after extravasation into injured lungs, possibly through the activation of L-selectin. The CXCL12/CXCR4 signaling pathway plays an important role in the modulation of neutrophil activity during acute lung injury, not only by promoting chemotaxis but also by suppressing cell death.
INTRODUCTION
During acute inflammation, neutrophils are released from the bone marrow and migrate into inflamed tissues.
1, 2 In inflamed tissues, neutrophils extravasate from blood vessels to the site of tissue injury or infection. These extravasated neutrophils play an important role in host defense against pathogenic microorganisms, though the excess accumulation and activation of neutrophils can cause severe tissue injury. Therefore, the apoptosis of neutrophils and the proper processing of apoptotic neutrophils by macrophage phagocytosis are important for the resolution of inflammation to prevent tissue injury. It is well established that inflammatory cytokines (including TNF-a 3 and IL-1 4 ) and neutrophil attractant CXC chemokines [5] [6] [7] are critically involved in the accumulation of neutrophils within injured tissues during the acute phase of inflammation. However, the mechanisms of neutrophil retention and withdrawal during the later phase of inflammation are not well understood and are still being investigated. The accumulated evidence published thus far suggests that CXC chemokine CXCL12/stromal cell-derived factor-1, which was first described as a strong chemotactic factor for lymphocytes, [8] [9] [10] [11] contributes to the control of the neutrophil life cycle through the activation of CXCR4. It has been reported that the CXCL12/CXCR4 signaling system plays an important role in the regulation of neutrophil homeostasis, including both the release of neutrophils from bone marrow into blood [12] [13] [14] [15] and the homing of the circulating neutrophils to the bone marrow. 14, 16 In addition to the evidence supporting the role of CXCL12/CXCR4 in modulating neutrophil homeostasis, we and other investigators previously reported that both CXCL12 levels in the injured lungs and surface CXCR4 protein on accumulated neutrophils were increased; furthermore, the in vivo administration of an anti-CXCL12 blocking antibody suppressed airspace neutrophilia in the lungs in the later stages of lipopolysaccharide (LPS)-induced lung injury. [17] [18] [19] These findings suggested that this chemokine participated in the accumulation of neutrophils in the injured tissue, particularly in the later stages of inflammation. However, the mechanisms underlying the increase in surface CXCR4 expression on neutrophils during LPS-induced lung injury and the CXCL12-promoted accumulation of neutrophils remain unclear.
In this study, we investigated when and how surface CXCR4 expression levels increased on neutrophils in the lungs during LPSinduced lung injury. We further examined the effects of CXCL12 on isolated neutrophils to evaluate how this chemokine contributes to neutrophil accumulation in the injured tissue. In our investigation of the mechanism underlying the increase in surface CXCR4 expression levels, we focused on L-selectin because previous reports have shown that the activation of L-selectin induced the expression of surface CXCR4 in both human and mouse lymphocytes; 20, 21 furthermore, the shedding of L-selectin, which resulted from the activation of L-selectin by its ligands, 22 was observed in extravasated neutrophils in inflamed tissues of mice.
23,24

MATERIALS AND METHODS
Animals
C57BL/6J mice were purchased from CLEA Japan Inc. (Tokyo, Japan). All mice were 7-to 8-week-old males and were housed under specific pathogen-free conditions for 1 week prior to experimental use. All animal experiments were permitted by the Institutional Animal Care and Use Committee of the Tohoku University Environmental and Safety Committee and were performed in accordance with the Regulations for Animal Experiments and Related Activities at Tohoku University.
Reagents
The reagents used in this study were obtained from the following sources: mouse monoclonal anti-CXCL12 blocking antibody was purchased from R&D Systems (Minneapolis, MN, USA); control mouse immunoglobulin G1 (IgG1) was purchased from Sigma (St Louis, MO, USA); a specific CXCR4 antagonist, 4F-benzoyl-TE14011, was synthesized as previously described; 25, 26 a rabbit anti-mouse CXCL12 antibody was purchased from BioVision (Mountain View, CA, USA) for immunohistochemical experiments; mouse monoclonal anti-mouse/human CXCL12 antibody was purchased from R&D Systems for immunoblotting analysis; phycoerythrin (PE)-conjugated rat anti-mouse CXCR4 monoclonal antibody (clone 2B11/CXCR4) and an isotype control antibody (clone A95-1), PE-conjugated rat IgG2b), fluorescein isothiocyanate (FITC)-conjugated rat anti-mouse Ly-6G monoclonal antibody (clone 1A8) and purified rat anti-mouse CD16/CD32 (Fcc III/II receptor) monoclonal antibody (clone 2.4G2, Mouse BD Fc Block) were purchased from BD Pharmingen (San Diego, CA, USA); FITC-conjugated anti-mouse neutrophil antibody (clone 7/4) was purchased from Serotec (Raleigh, NC, USA); Alexa Fluor 647-conjugated anti-mouse Ly-6G (Gr-1) monoclonal antibody (clone RB6-8C5), 7-aminoactinomycin D (7-AAD) viability staining solution and an Annexin V apoptosis detection kit APC were purchased from eBioscience (San Diego, CA, USA); Alexa Fluor 647 anti-mouse CD62L antibody and Alexa Fluor 647 rat IgG2a, k isotype control antibody were purchased from Biolegend (San Diego, CA, USA); recombinant mouse CXCL12a was purchased from R&D Systems; sulfatide sodium salt from bovine spinal cord was purchased from Wako Chemicals (Tokyo, Japan); TRIzol reagent was purchased from Invitrogen (Carlsbad, CA, USA); antip44/42 MAPK (ERK1/2) rabbit monoclonal antibody, antiphospho-p44/42 MAPK (ERK1/2, Thr202 and Tyr204) rabbit monoclonal antibody, anti-Akt rabbit monoclonal antibody, antiphospho-Akt (Thr308) rabbit monoclonal antibody, goat antirabbit IgG, HRP-linked antibody, cell lysis buffer, U0126 (MEK1/ 2 inhibitor) and LY294002 (PI3 kinase inhibitor) were purchased from Cell Signaling Technology (Danvers, MA, USA).
LPS-induced lung injury
LPS from Escherichia coli serotype 055:B5 was obtained from Sigma. Mice were anesthetized by ketamine hydrochloride. While anesthetized, mice intranasally inhaled LPS (20 mg/mouse in phosphatebuffered saline (PBS)) that was placed on one nostril. Control mice received only PBS.
Preparation of single lung cells from lungs
Mice received an overdose of inhaled halothane, and their lungs were perfused with PBS via the right ventricles. PBS-perfused lungs were isolated with other mediastinal organs. Dispase II solution was instilled into the lungs through the trachea, which was ligated with a silk suture. After incubation at 37 uC for 50 min, the lungs were separated from the other mediastinal organs. The lungs were then thoroughly minced and digested in PBS with 0.1% collagenase, 0.01% deoxyribonuclease I and 5-mM CaCl 2 at 37 uC for 20 min. The cells were then suspended in red blood cell lysing buffer to remove red blood cells and subsequently washed with PBS. The cells were then centrifuged and resuspended in PBS.
Evaluation of surface CXCR4 expression on neutrophils
The surface CXCR4 expression levels of neutrophils isolated from bone marrow, circulating blood, single lung cell suspensions and BAL fluid were evaluated. Mouse neutrophils were identified by their forward scatter and side scatter characteristics and positive Ly-6G staining. The samples were stained with a PE-labeled anti-CXCR4 antibody or a PE-labeled isotype-matched control antibody and an FITC-labeled anti-Ly6G (1A8) antibody. Dead cells were excluded based on 7-AAD staining. The samples were analyzed using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA).
Identification of intravascular and extravascular neutrophils in the lungs
The identification of intravascular and extravascular neutrophils in the lungs was performed as previously described with some modifications. 27 An Alexa Fluor 647-conjugated anti-mouse Ly-6G (Gr-1) antibody (1 mg) was injected intravenously and allowed to circulate for 5 min. After 5 min, the mice were killed. The lungs were then digested as described above in the presence of an excess of unlabeled anti-mouse Gr-1 antibody to prevent possible binding of Alexa Fluor 647-conjugated anti-Gr-1 antibody to extravascular neutrophils. The lung cell suspensions were then stained with an FITC-conjugated antimouse neutrophil antibody (7/4). Intravascular (7/4 1 Gr-1 1 ) and extravascular (7/4 1 Gr-1 2 ) neutrophil populations were assessed using flow cytometry. In vivo blocking the CXCL12/CXCR4 signaling pathway using a specific CXCR4 antagonist A specific CXCR4 antagonist (4F-benzoyl-TE14011) was used for in vivo inhibition of the CXCL12/CXCR4 signaling pathway as described previously. 28 Briefly, 4F-benzoyl-TE14011 was dissolved in PBS and subcutaneously administered using ALZET osmotic pumps (Durect Corp., Cupertino, CA, USA) that were implanted dorsally under the skin 1 day before administration of LPS. 4F-benzoyl-TE14011 was infused at a rate of 120 mg/day for 3 days after implantation. For the control study, ALZET osmotic pumps filled with the same volume of PBS were subcutaneously implanted in the same manner.
Bronchoalveolar lavage (BAL)
First, mice were killed by administering an overdose of halothane. Lavage tubes were then implanted into the mice according to the following procedure: a median sternotomy was performed, the trachea were dissected and isolated from the underlying soft tissues and a 0.8-mm lavage tube was inserted through a small incision in the trachea. BAL was performed by instilling 0.5 ml of ice cold PBS into the lungs and then gently aspirating the fluid. BAL was then repeated two times using fresh 0.5-ml aliquots of PBS. These three fluid samples were pooled and centrifuged. Cell counts and differentials were then performed. BAL protein in cell-free BAL fluid was assayed as an index of lung injury and capillary leakage. Protein quantification was performed using a BCA Protein Assay Reagent Kit (Pierce Biotechnology Inc., Rockford, IL, USA).
Histological analysis
The lungs were fixed by inflation with 10% neutral-buffered formalin at a transpulmonary pressure of 20 cm H 2 O, embedded in paraffin and cut into 5-mm thick sections. Sections were stained with hematoxylin and eosin for histological assessment. Images were taken with Nikon Eclipse E80i Microscope (Nikon, Tokyo, Japan). These images were analyzed using ImageJ software (National Institutes of Health, Bethesda, MD, USA).
The lung injury scores were calculated using the previously published scoring system. 29 Two sections per animal were scored independently. Alveolar wall thickness was quantified in a blinded fashion by measuring of all septa along a crosshair placed on each image. At least 200 septa per animal were measured. The number of emigrated neutrophils was quantified by counting the number neutrophils present within all alveolar spaces in randomly selected fields. At least 200 alveolar spaces were counted.
Isolation of lung neutrophils
Neutrophils were separated from bone marrow cells, circulating blood leukocytes and single lung cell suspensions using an anti-Ly6G (1A8) MicroBead Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer's protocol. The purity of the isolated neutrophils was evaluated using both microscopic and flow cytometric analyses and was determined to be greater than 98%.
Neutrophil migration assay
Neutrophils were placed on a modified Boyden chamber with 3-mm pores (Chemotaxcell; Kurabo Industries Ltd, Osaka, Japan) to evaluate the migration stimulating activity of CXCL12. Splenocytes, which can migrate toward CXCL12, 26 were used as a positive control. A total of 5310 5 neutrophils or splenocytes in 200 ml of RPMI 1640 medium containing 0.25% bovine serum albumin were placed in the upper chambers. The upper chambers were then placed in individual wells of a 24-well cell culture plate containing 500 ml of assay buffer either with or without mouse CXCL12a (50 nM). An equal number of neutrophils or splenocytes were added to some of the lower wells without a top chamber to provide a standard count of total cells. In some experiments, the cells were pre-incubated with 100-nM 4F-benzoyl-TE14011 at 37 uC for 30 min. The chambers were then incubated for 2 h at 37 uC. The cells in the lower chamber were collected, and the percentage of migration was determined from the original cell input.
Cell death analysis
Lung neutrophils (2310 6 ) in RPMI 1640 containing 10% FCS were either untreated or preincubated with a specific CXCR4 antagonist for 1 h at 37 uC. The neutrophils were then mixed with 100 ng/ml CXCL12a alone or in combination with a MEK1/2 inhibitor (U0126, 1 mM) or a PI3K inhibitor (LY294002, 10 mM) and incubated for an additional 24 h at 37 uC. After this incubation, the neutrophils were counted and the percentage of dead cells was calculated using trypan blue staining. Neutrophils were also stained with Annexin V and 7-AAD, and then analyzed using a FACSCalibur flow cytometer.
Western blotting
Lung neutrophils isolated from the injured lung were left untreated or incubated at 37 uC with 100 ng/ml CXCL12a for 30 s. Some neutrophils were pre-incubated with 100-nM 4F-benzoyl-TE14011 at 37 uC for 30 min. Cells were lysed in 13 cell lysis buffer (Cell Signaling Technology). Whole-cell lysate was run on an any kD Mini-PROTEAN TGX Precast SDS-PAGE gel (Bio-Rad, Hercules, CA, USA) and the proteins were transferred by electroblotting onto polyvinylidene fluoride membrane (Invitrogen). The blots were probed with antibodies specific for ERK1/2 phosphorylation at Thr202 and Tyr204 or Akt phosphorylation at Thr 308. Membranes were stripped with Restore Western Blot Stripping Buffer (Thermo Fisher Scientific, Rockford, IL, USA) and then reblotted with anti-ERK1/2 or anti-Akt.
L-selectin stimulation
Neutrophils were resuspended in RPMI 1640 (Invitrogen) with 0.1% bovine serum albumin (Sigma). The neutrophils were then incubated with sulfatide at a final concentration of 100 mg/ml for 1 h at 37 uC.
Data presentation and statistical analysis
Unless otherwise noted, all data presented are expressed as mean6 standard error of the mean (s.e.m.). Statistical analyses were performed using Statistica software (StatSoft Inc., Tulsa, OK, USA).
isotype-matched control antibody. We were unable to analyze the surface CXCR4 expression levels of neutrophils isolated from BAL fluid before LPS administration because there were an insufficient number of neutrophils in these samples. Splenocytes from untreated control mice were used as a positive control for CXCR4 staining (e). (f-i) The surface CXCR4 expression levels of intravascular neutrophils (g; GR-1 1 7/4 1 ) and extravascular neutrophils (g; GR-1 2 7/4 1 ) in the lungs at 24 h during LPS-induced lung injury were examined. Note almost all circulating neutrophils (7/4 1 cells) in blood were stained with Gr-1 5 min after antibody injection (f). The blue lines show the surface CXCR4 expression levels of intravascular neutrophils (h) or extravascular neutrophils (i). The filled images show the staining using an isotypematched control antibody. (h) The levels of intracellular CXCR4 (blue line) in neutrophils isolated from mouse blood were analyzed by staining with permeabilization. The filled image shows the staining using an isotype-matched control antibody. The black line shows the surface CXCR4 expression levels. Representative histograms or dot plots from one of three experiments that showed similar results are presented. BAL, bronchoalveolar lavage; LPS, lipopolysaccharide.
The
RESULTS
The expression of surface CXCR4 increased on extravascular neutrophils in the mouse lungs during LPS-induced lung injury Neutrophils in bone marrow, peripheral blood and lung digests from untreated control mice expressed very low levels of surface CXCR4 (Figure 1a-c, black lines) . Surface expression of CXCR4 did not clearly increased in neutrophils from the bone marrow or peripheral blood at 6 and 24 h after LPS instillation (Figure 1a and b, red and blue lines, respectively). However, neutrophils from lung digests and BAL fluids exhibited a significant increase in surface CXCR4 expression at both 6 and 24 h during LPS-induced lung injury (Figure 1c and d, red and blue lines, respectively). To investigate whether a subset of neutrophils with higher surface CXCR4 expression in the blood emigrates into the lungs or if neutrophil surface CXCR4 expression increases after the cells emigrate into the lungs, we examined the surface CXCR4 expression of both intravascular and extravascular neutrophils in the lungs during LPS-induced lung injury. We first labeled intravascular neutrophils in vivo by the intravascular administration of the Alexa 647-conjugated anti-mouse Gr-1 antibody and labeled all neutrophils in the lung digest using the FITC-conjugated anti-mouse 7/4 antibody (Figure 1f and g, also see the section on 'Materials and methods'). Almost all circulating neutrophils in blood were stained with Gr-1 5 min after antibody injection (Figure 1f) . Extravascular neutrophils, which were labeled with the anti-7/4 but not the anti-Gr-1 antibody (Figure 1g ), exhibited clearly higher surface CXCR4 expression levels (Figure 1i ) compared to intravascular neutrophils ( Figure 1h ). As previously reported in humans, 16 intracellular staining revealed that the levels of CXCR4 expression were high in the intracellular compartments of neutrophils isolated from mouse blood (Figure 1j ), suggesting that translocation of CXCR4 to the cell surface occurred in the neutrophils isolated from injured lungs. Taken together, these findings suggested that the cell surface CXCR4 expression levels increased after these cells emigrated into the lungs and extravasated during LPSinduced lung injury.
Blocking the CXCL12/CXCR4 signaling pathway inhibited neutrophil accumulation into the air space and attenuated the increase in lung permeability during LPS-induced lung injury.
Previous reports by our group and other investigators have shown that CXCL12 levels are upregulated in injured lungs and that in vivo administration of anti-CXCL12 blocking antibodies suppresses airspace neutrophilia in the lungs at the later stages of LPS-induced lung injury, [17] [18] [19] suggesting that the increase of surface CXCR4 expression on lung extravasated neutrophils cooperates with the increase of CXCL12 in the lungs to facilitate the accumulation of neutrophils. To confirm the in vivo role of the CXCL12/CXCR4 signaling system in the pathogenesis of acute lung injury, we administrated a specific CXCR4 antagonist to block the activation of CXCR4. Because it has been reported that single-dose administration of a CXCR4 antagonist rapidly induces neutrophilia, 12, 30, 31 we administrated the antagonist continuously using an osmotic pump as previously we did. 28 We compared white blood cell and neutrophil count between subcutaneous single-dose and continuous dosing administration of 4F-benzoyl-TE14011 in uninjured mice. As previously reported in human, 30, 31 single-dose administration of 4F-benzoyl-TE14011 caused the significant neutrophilia with a peak increase at 6 h (Supplementary Table 1 ). However, continuous dosing administration did not cause the significant neutrophilia (Supplementary Table 1 ). Continuous administration of the antagonist also did not result in significant neutrophilia in comparison with control mice during LPS-induced lung injury (Figure 2c ). The number of the neutrophils (Figure 2a ) and the protein concentration (Figure 2b ) in the BAL fluid were significantly reduced in CXCR4 antagonist treated mice at 6 and 24 h during LPS-induced lung injury in comparison with the control mice. Histological assessment also revealed that the treatment with a CXCR4 antagonist attenuated the lung injury induced by LPS at 24 h (Figure 2e and c and Table 1 ). These findings confirmed that both CXCL12 and its receptor CXCR4 contribute to neutrophil accumulation in the air space and an increase in lung permeability during LPS-induced lung injury.
Neutrophils isolated from injured lungs exhibited migratory activity toward CXCL12
To elucidate the role of CXCR4 in the accumulation of neutrophils in the injured lung, we examined whether lung neutrophils responded to and showed the migratory activity toward CXCL12. Isolated neutrophils from the LPS-instilled mice were placed in modified Boyden chambers, and CXCL12 was added to the chambers as a chemoattractant. Splenocytes from untreated control mice were used as a positive control because splenocytes expressed high levels of surface CXCR4 (Figure 1e ). Neutrophils isolated from the bone marrow or peripheral blood exhibited no migratory response toward CXCL12 (Figure 3 ). In contrast, neutrophils isolated from lung digests and BAL fluids exhibited migratory responses to CXCL12 (Figure 3) . Furthermore, this migratory response to CXCL12 was blocked by a specific CXCR4 antagonist. These ex vivo findings demonstrated that the accumulated lung neutrophils expressing high surface levels of CXCR4 exhibited migratory activity toward CXCL12, whereas bone marrow and peripheral blood neutrophils, which express very low surface levels of CXCR4, did not respond to CXCL12.
Activation of CXCR4 by CXCL12 attenuated cell death of isolated neutrophils from the injured lungs
The observation that blocking the CXCL12/CXCR4 pathway decreased the number of neutrophils in the air space suggests the involvement in neutrophil recruitment during LPS-induced lung injury. However, in contrast to the enhanced migratory activity toward CXCL12 observed in the accumulated lung neutrophils, the blood neutrophils, which expressed very low levels of CXCR4 (Figure 1) , did not exhibit a migratory response to CXCL12 (Figure 3 ). This suggested that the CXCL12/CXCR4 pathway was not critically involved in the recruitment of neutrophils, at least from circulating blood into the injured lungs. It has been reported that CXCR4 activation by CXCL12 suppressed cell death of CD34 1 hematopoietic cells 32 and CD4 1 T cells. 33 To investigate whether the CXCL12/CXCR4 pathway contributes to the accumulation of neutrophils in the injured lung by suppressing the neutrophil death, we examined the role of CXCL12 in suppressing cell death of the lung neutrophils. We performed trypan blue staining to assess cell death after ex vivo culture either with or without CXCL12. The administration of CXCL12 decreased cell death levels of the neutrophils (Figure 4a ). This protective effect of CXCL12 against cell death was blocked by the administration of a specific CXCR4 antagonist (Figure 4b-d) . We further performed Annexin V and 7-AAD staining to assess apoptosis levels after culture. The incidences of both early apoptotic cells and late apoptotic/necrotic cells were reduced by CXCL12. This protective effect against apoptosis was also blocked by a CXCR4 antagonist (Figure 4b-d) .
We then investigated the mechanisms for how CXCL12/CXCR4 signaling protects neutrophils from apoptosis. We focused on both ERK and PI3K/Akt signaling pathways because it has been reported that CXCL12/CXCR4 signaling protects T cells, 33 CD34
1 Figure 3 Neutrophils that accumulated in the mouse lungs during LPSinduced lung injury showed migratory responses to CXCL12. Neutrophils were isolated from the bone marrow, blood, lung tissue and BAL fluid at 24 h during LPS-induced lung injury. Cell migration assays assessing the migration of neutrophils toward CXCL12 were performed in vitro using chemotaxis chambers. Splenocytes from untreated control mice were used as a positive control because splenocytes expressed high levels of surface CXCR4 (Figure 1e ). Levels of neutrophil or splenocyte migration in the absence of CXCL12, the presence of CXCL12, or after pretreatment with a CXCR4 antagonist in the presence of CXCL12, are depicted by the white, black and gray bars, respectively. The data shown represent the percentage of migration. The results were obtained from five mice in each group. Values represent mean6s.e.m. *P,0.01 versus CXCL12 (2) control group and { P,0.01 versus CXCL12 (1) group using ANOVA with Scheffé 's post hoc test. BAL, bronchoalveolar lavage. The increase of CXCR4 on extravascular neutrophils M Yamada et al 310 hematopoietic cells 32 and blood neutrophils of Warts, hypogammaglobulinemia, infections, and myelokathexis syndrome (an inherited immune disorder associated with CXCR4 gene mutation, causing a defect of CXCR4 internalization) patients 34 via ERK1/2 and/or PI3K/ Akt signaling pathway. Western blotting revealed that CXCL12 induced phosphorylation of both ERK1/2 and Akt (Figure 5a ) in the neutrophils isolated from the injured lungs. Moreover, the protective effect of CXCL12 against spontaneous apoptosis on the neutrophils was suppressed by the presence of MEK1/2 inhibitor or PI3K inhibitor (Figure 5b and c) . These findings suggested the protective effect of CXCL12/CXCR4 against cell death of the neutrophils accumulated in the lungs during LPS-induced lung injury through ERK and PI3K/Akt signaling pathways.
L-selectin may be involved in the increase in surface CXCR4 expression on neutrophils Our findings suggested that the increase in surface CXCR4 expression levels occurred during or after the extravasation of neutrophils in the lungs during LPS-induced lung injury. Circulating neutrophils expressed L-selectin on their surface (Figure 6a ), whereas significant levels of surface L-selectin expression were not observed on neutrophils in lung digests and BAL fluids during LPS-induced lung injury (Figure 6b and c) . These findings suggested that the shedding of L-selectin occurred in the process of extravasation of neutrophils into the injured lungs. To elucidate the participation of L-selectin in the increase in surface CXCR4 expression on neutrophils, we stimulated circulating neutrophils ex vivo with sulfatide, one of the native Figure 4 CXCR4 activation by CXCL12 attenuated the cell death of mouse neutrophils isolated from the injured lungs. Neutrophils were isolated from the mouse lungs at 24 h after LPS instillation. The isolated neutrophils were cultured in either media alone (RPMI 1640 supplemented with 10% FCS), media containing CXCL12, media containing CXCL12 and a specific CXCR4 antagonist or media with a specific CXCR4 antagonist alone for 24 h at 37 uC. Subsequently, cell death was assessed by trypan blue staining (a). Staining with Annexin V and 7-AAD was also performed to detect early apoptotic (Annexin V L-selectin ligands, 35 and examined the changes in CXCR4 expression. Sulfatide induced a significant increase in surface CXCR4 expression on neutrophils (Figure 6d-f) and shedding of L-selectin (Figure 6g and  h) . This finding suggested that L-selectin may be involved in the increase in surface CXCR4 expression on neutrophils after the emigration of these cells into the injured lungs.
DISCUSSION
In the present study, we demonstrated that cell surface CXCR4 expression levels increase on extravascular neutrophils, but not on intravascular neutrophils, in the injured lung during LPS-induced lung injury. Because CXCL12 is also upregulated in the injured lungs, [17] [18] [19] these findings suggest that the increase in surface CXCR4 expression levels on extravasated neutrophils acts together with the increase of CXCL12 in the lungs to promote neutrophil migration and/or retention within the airspace.
To investigate whether the CXCL12/CXCR4 signaling system contributes to neutrophil migration to the lung or retention in the injured lung, we examined the migratory activities of neutrophils isolated from the bone marrow, blood, lung digests and BAL fluids of LPSinjured mice toward CXCL12. Our findings revealed that neutrophils isolated from lung digests and BAL fluids exhibited enhanced migratory activities toward CXCL12, whereas neutrophils isolated from bone marrow or blood did not. These findings were consistent with the low levels of surface CXCR4 expression found on neutrophils isolated from bone marrow and blood (Figure 1a and b) . These data suggest that the neutrophils that were accumulated in the lung acquired the ability to migrate toward CXCL12 through the increase in CXCR4 and that the CXCL12/CXCR4 signaling pathway contributes primarily to neutrophil retention, not migration, in cases of LPS-induced lung injury.
We examined whether CXCR4 activation by CXCL12 prevented cell death of lung neutrophils, because the apoptosis of neutrophils and subsequent macrophage phagocytosis of apoptotic cells contribute to neutrophil clearance. We found that CXCL12 reduced the levels of cell death of the extravasated neutrophils within the injured lungs. This protective effect was inhibited when a specific CXCR4 antagonist was administered. We investigated the mechanisms for how CXCL12/ CXCR4 signaling protects the lung accumulated neutrophils and then revealed that CXCL12 protects the neutrophils from apoptosis through MEK/ERK and PI3K/Akt pathways. Although we do not have clear evidence confirming that CXCR4 activation is critical for the survival of accumulated neutrophils in vivo, this idea is compatible with a recent clinical report describing increased CXCL12 concentrations and the presence of primarily non-apoptotic neutrophils with enhanced CXCR4 expression levels in the BAL fluid of lipopolysaccharide patients. 36 Taken together, our ex vivo findings suggest that this protective effect of the CXCL12/CXCR4 signaling pathway against cell death contributes to neutrophil accumulation and retention in the lungs during inflammatory diseases, including cases of acute lung injury.
To investigate the stimuli that induce the increase in surface CXCR4 expression on neutrophils, we focused on L-selectin, a cell adhesion molecule that belongs to the selectin family, because it has been also reported that L-selectin is involved in the increase in surface CXCR4 expression on human peripheral blood lymphocytes and mouse Western blot analysis showed that CXCL12 induced the phosphorylation of ERK1/ 2 and Akt. (b, c) The isolated neutrophils were cultured for 24 h at 37 uC in the presence (white bar) or absence (black bar) of CXCL12 alone or in combination with a MEK1/2 inhibitor (U0126) or a PI3K inhibitor (LY294002). Subsequently, staining with Annexin V and 7-AAD was also performed to detect early apoptotic (Annexin V The increase of CXCR4 on extravascular neutrophils M Yamada et al 312 lymphocytes. 20, 21 We observed that the shedding of L-selectin, which is induced by L-selectin activation, occurred during the process of extravasation of neutrophils (Figure 6a-c) . We also found that sulfatide, a natural ligand for L-selectin, induced the surface expression of CXCR4 on neutrophils isolated from mouse blood. These findings suggest that the activation of L-selectin may be involved in the increase in surface CXCR4 expression levels on neutrophils in the lungs.
In summary, we have shown that the surface CXCR4 expression levels on neutrophils increase after extravasation into the mouse lungs during LPS-induced lung injury. In addition, the activation of L-selectin may be a key regulator of this surface CXCR4 increase. Our findings suggest that the CXCL12/CXCR4 signaling pathway is involved in neutrophil accumulation and retention in the inflammatory site through both its chemotactic effect and its protective effect against cell death. The increase of CXCR4 on extravascular neutrophils M Yamada et al 313
